The effect of pre-ageing deformation on the size and distribution of β ′ 1 precipitates and subsequently on the resulting strength and ductility have been measured in a Mg-3.0at.%Zn-0.5at.%Y alloy. The alloy was extruded and then subjected to a T8 heat treatment comprised of a solution-treatment, cold-work and artificial ageing. Extrusion was used to introduce texture, ensuring that deformation occurred via slip rather than twinning. Samples were subjected to controlled uniaxial deformation and then isothermally aged to peak hardness. Precipitate length, diameter and number density were measured and evaluated in terms of the strength and ductility of the alloy. The nucleation of the β ′ 1 precipitates in peak-aged condition without pre-ageing deformation (i.e.T6 treatment) was poor, with only 0.5% volume fraction, compared to approximately 3.5% in T6 treated binary Mg-3.0at.%Zn alloy. The microstructure of the Mg-Zn-Y alloy was less refined, with larger diameter precipitates and lower β ′ 1 number densities compared to a binary Mg-3.0at.%Zn alloy. Deformation to 5% plastic strain increased the volume fraction of β ′ 1
Introduction
Magnesium alloys are valued in transport applications, where their low density offers substantial weight savings compared to steel or aluminium. The addition of yttrium and rare earth elements (RE) to magnesium alloys is widespread in alloys where resistance to creep or corrosion is required, such as in the WE series of alloys [1] [2] [3] [4] .
The use of RE and Yttrium additions has been extended to a range of other Mg alloy systems. These systems include alloys where the principle alloying element is zinc, such as the ZK (magnesium-zinc-zirconium) series. In addition to improved creep properties [5] , the addition of rare earth elements weakens the texture development during extrusion and rolling of Mg alloys, reducing the tensile-compressive asymmetry [6] [7] [8] .
The presence of high-melting grain boundary phases can also limit coarsening [9] .
Wrought Mg alloys containing zinc are strengthened by a binary precipitate, termed β alloys [13] and to ternary phase precipitates in Mg-Zn-Y alloys [11, 14, 15] . The intragranular region remains low in Y and Mg-Zn-Y alloys therefore show a similar precipitation sequence to binary Mg-Zn. For Zn:Y ratios of approximately 6:1 [16] , Mg-Zn-Y alloys precipitate a quasicrystalline phase (i-phase, Mg 3 Zn 6 Y) [15] . This phase exists in two-phase equilibrium with the matrix at high temperatures and precipitates as a grain boundary eutectic during solidification [16] . In alloys with Zn:Y ratios close to the stoichiometry of the i-phase, therefore, little zinc is expected to be available for β ′ 1 phase precipitation and the precipitation hardening response is expected to be poor.
This study set out to determine whether cold work prior to ageing could stimulate β ′ 1 precipitation in a wrought Mg-Zn-Y alloy and to quantify the strength and ductility as a function of the precipitate size and distribution. Deformation twinning was prevented by extruding the alloy to develop textures favourable for slip rather than twinning. Controlled deformation was applied prior to isothermal ageing to stimulate β ′ 1 precipitate nucleation. Varying the amount of pre-ageing deformation altered the size and distribution of the β ′ 1 precipitates and thus affected the yield strength and ductility in the peak-aged condition.
Experimental details
Billets of Mg-3.0at.%Zn-0.5at.%Y alloys were prepared from pure elements via direct-chill casting. The compositions were confirmed via inductively-coupled plasma mass spectroscopy (ICP-MS). The billets were homogenised for 15 h at 350
• C and extruded into 12 mm diameter rods at 300
• C with an extrusion ratio of 12:1. Tensile samples of gauge length 15 mm and diameter 3 mm were machined from the extruded rods.
The tensile samples were given a T8 heat treatment comprised of a solution-treatment followed by varying levels of cold-work and finally artificial ageing. Samples were encapsulated in helium, solution treated for 1 h at 400
• C and and quenched into water. Pre-ageing deformation was carried out using an Instron mechanical tester, to a nominal plastic strain of 3% or 5%. Tensile deformation was applied parallel to the extrusion axis at a strain rate,ǫ, of 1×10 −3 s −1 . Sections were polished and etched with acetic picral for examination by light microscopy. The remaining samples were then aged to peak hardness in an oil bath at 150 o C for periods of 216-256 h for non-deformed samples and 32-48 h for deformed samples. The ageing response was measured using Vickers hardness testing with a 300 g load. Tensile tests were carried out in the Instron mechanical tester (ǫ = 1×10 −3 s −1 ) on samples aged to peak hardness. Solution-treated and quenched samples (10 mm height, 5 mm diameter) were also prepared and tested in compression (ǫ = 1 × 10 −4 s −1 ) to measure the tensile-compressive asymmetry.
Solution-treated and quenched samples were polished for examination using electron back-scattered diffraction (EBSD) on a field emission scanning electron microscope. A sample of Mg-3at.%Zn, extruded under the same conditions, was also analysed in order to provide a comparison. Pole figures and inverse pole figures were generated using OIM Analysis software, version 6.1.
The β ′ 1 precipitate size and spacing were determined in the peak-aged condition. Samples for TEM analysis were prepared by grinding to ∼ 70 µm and thinning to perforation using a Gatan precision ion polishing system. TEM observations were conducted using JEOL 4000EX and 2100 instruments operating at 400 kV and 200 kV, respectively. Stereological measurements utilised ImageJ software version 1.44. The cross-sectional areas of individual precipitates were determined from micrographs recorded along the [0001] zone axis of the matrix. Precipitate cross-sectional areas were converted into an equivalent diameter. The average centre-centre distance between β ′ 1 particles was determined by Delaunay triangulation [17] . The mean interparticle spacing was determined by subtracting the mean precipitate diameter from the mean centre-centre distance.
TEM observations were also performed on a foil prepared from a region close to the fracture surface of a tensile specimen that had been pre-strained 5% strain in tension, aged to peak hardness and then strained to failure.
Results

Light microscopy
The extent of twinning after pre-ageing deformation was measured by point counting (minimum of 500 points) with 3 ± 1% twins by volume found in both solution-treated and 3-5% strained conditions (prior to isothermal ageing). An average grain size of 17 ± 3 µm was measured using line intercepts.
Texture analysis
The texture of cross-sections of extruded Mg-Zn-Y were analysed using electron back-scattered diffraction (EBSD). Samples of Mg-3at.% extruded under similar conditions were also analysed. Inverse pole figures showed that for both alloys the prevalent orientation has the (1120) plane normals close to the extrusion direction (XD) (Fig 1(a,b) ). Pole figures (Fig 1(c,d) ) showed that the intensity of this texture was much weaker in Mg-Zn-Y (c) where the maximum intensity was only 2.676, compared to Mg-Zn where the maximum was 7.934 (d). This corresponds to a higher fraction of grains in Mg-Zn-Y that have (1010) planes aligned close to XD.
Ageing response
Pre-ageing deformation substantially accelerated and enhanced the precipitation-hardening response of the Mg-Zn-Y alloy. Figure 2 plots the hardness response for the alloy with various levels of prior plastic strain, ǫ p . The unstrained (T6 treated) alloy displayed a broad hardness plateau at approximately 60 H V until 100 h of ageing. The ageing response of unstrained (T6 treated) sample was delayed relative to that of a Mg-3at.%Zn alloy, requiring 256 h to reach peak hardness compared to 48 h for Mg-3at.%Zn [10] . This is consistent with a previous report which noted that rare earth additions reduced the rate of overageing in Mg-Zn-RE alloys [11] .
Ageing of T8 heat treated samples was more rapid, as expected, with 48 h ageing required to reach peak hardness after 3% pre-strain and 32 h after 5% pre-strain. The maximum hardness also increased by approximately 7% from 72±2 H V to 77±2 H V for 5% strain. Both the strained samples show similar shaped ageing curves, with the level of hardness in the case of 5% strained sample higher (77±2 H V ) than that of 3% strained sample (74±1 H V ). In both cases, there was an immediate drop in hardness at the commencement of ageing, associated with annealing out of dislocations. In the case of 3% strained sample this initially reduced the hardness to below that of unstrained sample, before the hardness increased again due to precipitation.
Precipitate size distribution
Pre-ageing deformation refined the β ′ 1 precipitate length by a factor of 7 and diameter by a factor by 2, reducing the aspect ratio of the rods from approximately 24 to 7. TEM micrographs of alloys aged to peak hardness (Figure 3 ) clearly show the reduction in β ′ 1 precipitate length with increasing pre-ageing deformation. Dislocations are frequently observed in pre-strained samples, as indicated in Figure 3(b) . Segments of some dislocations appeared to be parallel to the basal plane (those marked A in the figure), while in other cases dislocations (marked B) were at an angle to the basal plane. The distribution of precipitate lengths is set out in Figure 4 . Non-strained sample (Fig 3(a) ) contained β ′ 1 precipitates with a average length (l) of 475 nm. l was reduced to 102 nm for 3% strain (Fig 3(b) ) and 67 nm for 5% strain (Fig 3(b) ).
T6 treated samples also contained plate-shaped β ′ 2 precipitates with basal plane habit that can be seen in Figure 3(a) . The large spheroidal precipitate also present in this micrograph is consistent with previous reports of i-phase particles in Mg-Zn-Y alloys [18] . Such spheroidal precipitates were extremely rare in samples given T8 treatments.
Pre-ageing deformation also reduced the diameter of the β ′ 1 precipitates. Figure 5 shows TEM micrographs of alloys in the peak hardness condition, with the β ′ 1 precipitates in cross-section. Frequency plots of the precipitate diameter, (d), are provided in Figure 6 . For 0% pre-ageing strain ( Fig. 5(a) ) the precipitate distribution was sparse and relatively coarse, with average diameter (d) of 19.8 nm. The precipitate diameters were relatively uniform, with 44% of diameters falling in the range 22-26 nm. When either 3% (Fig 5(b) ) or 5% (Fig 5(c) ) pre-ageing strain was applied over 50% of precipitates had d ≤ 12 nm. 3% tensile strain 475 (20) 102 (4) 67 ( decreased d to 12.1 nm and this was further reduced to 10.3 nm after 5% strain. The precipitate spacing and number density are set out in Table 1 .
Tensile properties
Refinement of the precipitate microstructure by pre-ageing deformation increased the yield strength (σ y ) with a corresponding reduction in tensile ductility. Figure 7 shows engineering stress-strain curves for the alloy with different levels of pre-ageing deformation. In the solution-treated and quenched ("STQ(T)") condition σ y was 150 MPa, which increased ∼50% to 217 MPa after ageing to the peak hardness condition. The compressive yield strength of the solution-treated sample ("STQ(C)") was 107 ± 2 MPa and the asymmetry ratio (σ y (C)/σ y (T )) was 0.71, consistent with the asymmetry expected for an extruded Mg alloy with strong texture. Pre-ageing deformation (3% strain) increased σ y to 281 MPa in tension, with little further improvement for 5% strain (287 MPa). The ultimate tensile strength (UTS) increased from 281 ± 1 MPa (0% strain) to 322 ± 2 MPa (5% strain). However, if area-reduction is taken into account, (i.e. in terms of the true stress, where σ t = σ(1 + ǫ)) the stress at failure was 325 ± 1 MPa for all samples except those aged without pre-strain, where it reached only 301 ± 4 MPa. The maximum uniform strain was determined from the Considére criterion, i.e. the true strain at which σ = ∂σ/∂ǫ designated ǫ c . The true strain at fracture was determined by measuring the area reduction (ǫ ar ) of fractured specimens. 
Post-fracture observation
Foils obtained from regions close to the fracture surface of tensile samples were examined using TEM. Figure 8 shows the microstructure of a sample given 5% deformation, aged to peak hardness and deformed to failure. The sample was taken from close to the fracture tip. Fig 8(a,b) Micrographs obtained with the beam normal to the [0001] axis of a grain (Fig 8(c) ) shows β ′ 1 precipitate rods side-on. Dislocation visible in the micrograph lie primarily in the basal plane. Some dislocations appear to cross-slip when encountering a precipitate. Two such instances are indicated by arrows. Another instance is highlighted by enlarging in an inset, which shows a dislocation cross-slipping by interaction with a β ′ 1 precipitate. Such cases were frequently observed. There is no indication of this precipitate being sheared by the dislocation.
Discussion
Ageing behaviour
A 3% pre-deformation caused no net increase in the hardness, and in the initial stage of ageing the hardness drops below that of the solutionised sample. This has presumably to do with diffusion of yttrium aided by dislocations, although further work is necessary to confirm this. In case of a Mg-Zn alloy [10] , in the initial stages of ageing, the hardness of 5% pre-deformed sample at first dropped to the level of the 3% deformed sample (which remained higher than that of unstrained sample) as the dislocations were annealed out and thereafter did not show any significant differences between these deformation conditions. In case of the ternary alloy in this study, the hardness of the 5% pre-deformed sample remains higher than that of 3% deformed sample at all stages of ageing. The difference in the hardness values is quite large in the beginning.
Effect of pre-ageing deformation on precipitate distribution
Pre-ageing deformation increased the number density of the β ′ 1 precipitates and reduced the precipitate length and diameter. Figure 9 plots the β ′ 1 number density in the peak-aged condition for Mg-Zn-Y (present work, open circles) and a Mg-3at.%Zn alloy [10] (filled circles) versus the pre-ageing deformation. In both cases there is a linear relationship between the plastic strain imposed on the alloy and the number density per unit volume for strains up to 5%. The figure also displays the ratio of the β ′ 1 number density in the two alloys.
(the high uncertainty in the ratio of number densities in the unstrained samples was due to the low number density and higher error in this condition). Error bars are included in pre-ageing strain values to allow for slight differences in the plastic strains in the two alloys. β ′ 1 number densities were greater in Mg-Zn alloys, however, pre-ageing reduces the ratio between the the two alloys from a factor of 16 (0% strain) to ∼2 (5% strain).
There was little difference (≤ 11%) between the average β ′ 1 precipitate lengths in peak aged Mg-Zn-Y and those reported previously for Mg-Zn. The precipitate diameter, however, was up to 45% greater in Mg-Zn-Y. Figure 10 compares the average precipitate length and diameter for Mg-Zn [10] and Mg-Zn-Y. In the non-deformed sample the average diameter in Mg-Zn-Y was substantially greater than that observed in in Mg-Zn (19.7 nm vs. 13.5 nm), but with 5% pre-ageing strain the difference in average diameter between the two alloys had narrowed to 10.3 nm in Mg-Zn-Y vs. 9.2 nm in Mg-Zn.
Pre-ageing strain increases the volume fraction of β ′ 1 precipitates from approximately 0.5% (T6 treatment) to 2.3% (T8 treatment with 3 or 5% cold-work). These values are less than the estimated 3.5% volume fraction of β ′ 1 precipitates in Mg-3at.%Zn alloy after either T6 or T8 treatment [10] . Calculations were based on the The effect of pre-ageing deformation on the number density in samples aged to peak hardness for various amounts of pre-ageing strain (ǫ p ). The number density of β ′ 1 precipitates in the present alloy (open circles) was considerably lower than that in a similar Mg-Zn alloy (filled circles) [10] . The ratio between the number density of the two alloys (squares, right axis) decreased with increasing pre-ageing deformation. number density and average precipitate length and diameter determined from electron micrographs. Yttrium is poorly soluble at the ageing temperature and is expected to precipitate as grain boundary ternary phases, primarily the quasicrystalline i-phase (Mg 3 Zn 6 Y) since the Zn:Y ratio is close to to the 6:1 ratio of this phase. The precipitation of grain boundary ternary phases will reduce the amount of zinc available for precipitation as β ′ 1 rods and would explain the low volume fraction of β ′ 1 precipitates in the T6 heat treated condition. The increase in the β ′ 1 precipitate volume fraction in T8 treated Mg-Zn-Y alloy demonstrates that by providing heterogeneous nucleation sites (in the form of dislocations), pre-ageing deformation was able to re-partition Zn to β ′ 1 precipitates. The changes in the solute partitioning may also be responsible for the ageing behaviour described in Section 4.1.
Deformation mechanism
Extrusion of the alloy results in a tube texture, with the basal plane normals aligned radially. Pole figures show a high concentration of basal planes in the radial direction, with a pair of prismatic planes aligned towards the extrusion direction (Fig 1) . Mg-Zn-Y has a relatively weak texture, with a maximum intensity of 2.676, compared to a maximum of 7.934 in a similarly extruded Mg-Zn alloy. The weakness of this texture was thought to be due to the addition of yttrium, which has been shown to weaken the extrusion texture [6] [7] [8] . This is thought to be due to the presence of high-melting temperate ternary phases which stimulate recrystallisation.
Tensile deformation of grains with (1120) orientation provides c-axis compression. However, the low strain {1012} twinning mode in Mg provides c-axis extension and therefore is not expected to contribute to deformation during pre-ageing strain. This is consistent with the low (3±1%) volume fraction of twins observed via light microscopy of deformed samples and indicates that slip was the predominant deformation mode during pre-ageing deformation.
The compressive-tensile asymmetry of solution-treated Mg-Zn-Y was due largely to twinning. Compression parallel to the extrusion axis provides c-axis tension and is likely to activate low-strain {1012} twinning at lower stresses than either basal or prismatic slip. The compressive yield strength of the gives an asymmetry ratio (σ y (C)/σ y (T )) of 0.71. This was close to the value of 0.75 measured in Mg-3at.%Zn [10] but greater than the value of 0.61 reported for a Mg-5wt.%Zn alloy aged without deformation [19] . It has been reported that precipitates such as β ′ 1 may alter the compressive-tensile asymmetry of heat treated samples [19] and further work to verify this is underway.
Dislocation glide in Mg alloys can involve slip on basal, prismatic or prismatic planes. Calculations of the Schmid factor from the EBSD data suggest a higher average Schmid factor for basal slip (0.33) than for prismatic (0.28), but there was considerable scatter in the values, with a standard deviation of 0.14 in both values. This would suggest that there may be a slight preference for basal slip, however, both slip systems are likely to be active during pre-ageing deformation. This differs from the results of Al Samman et. al 's study [20] , where tensile deformation of an extruded AZ31 alloy occurred principally by prismatic rather than basal slip. Prismatic slip in Mg alloys have also been reported elsewhere (see, for example [21, 22] ). (Although the Schmid factor for c + a slip was non-zero, the critical resolved shear stress is high [23] and this deformation mode was not expected to be significant).
There was little evidence to suggest that the precipitates were sheared by dislocations. The mechanical properties were not consistent with those expected for alloys containing shearable particles which have a tendency for coarse, planar slip [24] and poor work hardening. In contrast, the stress-strain curves for Mg-Zn-Y (Fig 7) show work-hardening behaviour in T6 and T8 conditions. This would be expected for nonshearable precipitates where dislocation pile-ups result in an additional back-stress on nearby dislocations. In addition, there was no correlation between the yield strength increase (∆σ y ) and equations based on Friedel's effect [25] where ∆σ y = cf a r b and f is the precipitate volume fraction, r is the particle radius and a, b and c are empirical constants, with a, b = 0.5 [26] .
Post-fracture transmission electron microscopy did not provide conclusive evidence of whether the β ′ 1 were sheared by dislocations. However, β ′ 1 precipitates of similar size to the peak-aged condition were present in foils taken from fractured samples. Dislocations lying between these particles were frequently bowed, as would be expected for dislocations pinned by non-shearable particles (Fig 8(b) ). Previous studies on compressive deformation of aged Mg-5at.%Zn alloys also reported that the precipitates were not sheared by either slip or twinning [27] . This is consistent with the poor coherency between the MgZn 2 and Mg 4 Zn 7 crystal structure and the matrix and also with the high elastic modulus of the intermetallic precipitates (estimated at G, 32-35 GPa for MgZn 2 compared to 20.23-20.38 GPa for Mg [28] .)
The effectiveness of rod-shaped precipitates in impeding slip is dependent on the slip system [19] and it is important to consider which slip system is active when peak-aged samples are deformed. The average Schmid factors for basal and prismatic slip are close enough to suggest that slip may occur by either mechanism, depending on the alignment of the individual grains. Transmission electron micrographs of the deformed and aged Mg-Zn-Y alloys show dislocations with segments lying in the basal plane and also crossing between basal and non-basal planes, as noted in Figures 3(b) . The post-fracture micrograph (Fig 8(c) ) also showed dislocations on the basal plane that appear to have cross-slipped along the precipitate before continuing along the basal plane (Fig 8(c) ). Micrographs of similarly deformed Mg-Zn [10] also showed evidence that would suggest both basal and prismatic slip were active. Since both basal and prismatic glide involve dislocations with Burgers vector a , cross-slip can occur under the influence of stress, or in response to impassable obstacles, such as the β ′ 1 precipitates. It was considered that cross-slip between basal and prismatic planes may well occur. Therefore, both slip systems were taken into account in determining the effect precipitate size and distribution on the mechanical properties.
Basal slip
The average spacing between particles on the basal plane could be calculated directly from TEM micrographs using Delaunay triangulation [17] (see Table 1 ). This method has been shown to give a representative measure of the effective particle spacing [17, 29] and does not rely on the assumption that the distribution is homogeneous.
Prismatic slip
Interparticle spacings were calculated using number density and precipitate length values measured from micrographs. The equation for prismatic slip proposed by Robson et al. modelled the precipitate distribution using a square grid, finding the relationship [19] :
with the number density on a single slip plane given by; N A = N V d t where N V is the number density per unit volume and d t is the precipitate diameter and l is the precipitate length. However, placing the particles on a square grid means that the long axes of the rods have no lateral displacement from adjacent precipitates, making the spacing highly sensitive to the precipitate length. Indeed, lim l→NA (λ) = 0, implying that the precipitates form a continuous network. The use of a triangular grid of precipitates gives a more complex relationship between precipitate length and spacing, but avoids the unlikely situation that arises when rods are co-linear along the [0001] direction. The centre-centre distance, Lp is a function of the number density alone, with: L p = 1/ √ N A and if the particle length (l) is expressed as a multiple (k) of (L p ) [10] .
The equation still breaks down for high aspect ratio particles, suggesting a minimum of λ = 0.5L p for l = L p and increasing λ value for l > L p . As a more accurate treatment is not yet available, calculations were based on the triangular grid, and where l > L p , the spacing used was λ = 0.5L p (the minimum value from the Equation 2 ). Interparticle spacings for prismatic plane spacing are listed in Table 2 .
Orowan looping
Room temperature deformation of alloys containing non-deformable particles is regarded as involving dislocations bowing and eventually looping around particles in a process termed Orowan looping. The increase in yield strength (∆σ y ) for non-shearable particles can be described by the well-known equation: (10) where ν is Poisson's ratio, G the shear modulus (GPa), b is the magnitude of the Burgers vector for basal slip in Mg [30] and λ is the average interparticle spacing. Equations for the interparticle spacing have been developed for a range of precipitate geometries. The actual interparticle spacing in the ternary alloy will depend only slightly on the presence of spheroidal i-phase particles that precipitated during solidification and were dispersed through the matrix during extrusion. However, noting that the spheroidal particles are both limited in number and relatively coarse, their presence was neglected. Both Mg-Zn-Y and M-Zn alloys show a linear relationship between the yield strength and 1/λ, with similar gradients for basal slip in both alloys and prismatic slip in Mg-Zn. Figure 11 In both alloys the yield stress for prismatic slip is greater by ∼50 MPa for equally spaced particles. While the relative amounts of prismatic and basal slip are not accurately known, it seems likely that, where possible, dislocations will cross-slip to the basal plane where it appears that the precipitates offer less resistance to slip.
Ductility
The ductility of solution-treated Mg-Zn-Y was reduced after ageing to the peak-aged condition, with the reduction being more severe after T8 treatment where the interparticle spacing was reduced. The ductility of particle-containing systems has been examined by Chan [31] , whose model (since extended by Liu et. al [32] ) considers the build up of dislocations around precipitates, with failure occurring once a critical dislocation density is reached. In microstructures containing refined obstacles the sites of dislocation accumulation are closer together and the local dislocation density is higher.
In the case where the β ′ 1 precipitates are the barriers to dislocation motion the geometric slip distance is the interparticle spacing, λ, on a given slip plane. The dislocation density (ρ) is given by: ρ = (4ǫ/λb) where ǫ is the strain and b is the magnitude of the Burgers vector for slip [33] . Failure is assumed to occur when the local dislocation density reaches a critical value, ρ cr , which takes place at a local critical strain ǫ cr given by:
A small correction is required to account for work-hardening behaviour [34, 35] using coefficients I and h [36, 37] where : With work-hardening and localisation taken into account [31, 32] the macroscopic strain to failure, ǫ f , for cylindrical rod precipitate of length l is given by:
indicating that the failure strain should be proportional to the particle spacing, λ, multiplied by
The relationship between failure strain and β ′ 1 interparticle spacing is shown in Figure 12 . The true strain to failure was calculated from the area reduction of fractured samples (ǫ ar ) and plotted against the prismatic plane spacing (multiplied by the work-hardening correction) in Figure 12 (a). Figure 12 (b) plots the same quantity against the basal plane spacing. Filled symbols are for Mg-Zn-Y, while open symbols are for a Mg-3at.%Zn alloy [10] . The maximum uniform strain (taken as the Considére strain, (ǫ c )) was plotted on the same axes. This represents the strain required to initiate necking and provides an alternate measure for the tensile ductility of the samples. Both ǫ c and ǫ ar values followed a linear trend for both alloys, although there is substantial scatter in ǫ ar values.
The effectiveness of pre-ageing deformation
Despite the large number of publications on Mg-Zn-Y alloys, to the best of the authors knowledge, none have examined the precipitation response as a function of the pre-ageing deformation. Effect of precipitation exclusively by slip is examined here, by using extrusion to develop a fibre texture with the basal planes parallel to the extrusion axis [20, 38] . This orientation precludes low-strain {1012} twinning and ensures that pre-ageing deformation occurs by slip. This allowed the precipitate size and number density to be quantified as a function of the applied strain.
Without changing the composition of the alloy, the volume fraction of precipitates is increased by applying preageing deformation. With a simultaneous refinement of the size of the precipitates, a very substantial increase in the strength is achieved. This also highlights the effectiveness of precipitation over other strengthening contributions.
The yield strength improved substantially with 3% pre-strain, but there was only a slight further improvement for 5% pre-strain, suggesting that further increases in pre-ageing deformation may not be effective in increasing the mechanical properties. The relationship between precipitate spacing on the basal plane and yield strength and ductility were similar to those observed in a Mg-3at.%Zn alloy.
Conclusions
The precipitation-strengthening response of a Mg-Zn-Y alloy were examined systematically for different levels of pre-ageing deformation. It was determined that;
• Without pre-ageing deformation the Mg-3at.%Zn-0.5at.%Y alloy shows a weak precipitate hardening response compared to binary Mg-Zn alloys, due to the formation of the ternary i-phase.
• Pre-ageing deformation of 3-5% strain results in an increase in the volume fraction of β ′ 1 precipitates from approximately 0.5% to 2.3% in the peak-aged condition. This substantially increases the precipitation strengthening response of the alloy.
• Pre-ageing deformation reduces the average precipitate length from 475 nm to 67 nm and the diameter from 19.7 nm 10.3 nm. Precipitate lengths are within 11% of those measured in Mg-Zn, while the diameter values are 20-45% greater, depending on pre-ageing deformation.
• The increase in β ′ 1 volume fraction and the refinement of the precipitation microstructure substantially increases the yield strength from 217 MPa to 287 MPa. The increase in yield strength is linear with reciprocal particle spacing on both the basal and prismatic planes, as expected for Orowan looping of non-shearing particles.
• Refinement of the precipitates substantially reduced the ductility. Elongation is reduced from 0.23 (0% pre-strain) to 0.10 (5% pre-strain). Uniform elongation and true strain to failure increase linearly with particle spacing and were equivalent to Mg-Zn alloys for identical particle spacing.
